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A merged-beam study of the gas phase He(3S1) + NH3 Penning ionization reaction dynamics in
the collision energy range 3.3 µeV < Ecoll< 10 meV is presented. In this energy range the reaction
rate is governed by long-range attraction. Shape resonances are observed at collision energies of
1.8 meV and 7.3 meV and are assigned to `=15,16 and `=20,21 partial waves, respectively. The
experimental results, representing the first observation of shape resonances in a collision with a
polyatomic molecule, are well reproduced by theoretical calculations with the short-range reaction
probability Psr = 0.035.
Introduction. Chemical reactions of polyatomic
molecules at low collision energies are interesting for a
number of reasons. Studies of cold molecular collisions
are an important source of information for interstellar
chemistry. From a fundamental point of view, an impor-
tant motivation lies in the potential observation of quan-
tum effects in molecular scattering, like quantum state-
specific reactivity and scattering resonances [1]. Low en-
ergy collisions are characterised by few angular momen-
tum partial waves. A prominent consequence of this is
the possible observation of so-called partial-wave reso-
nances, where a single partial wave can dominate the
total reaction cross section [1]. In contrast, hundreds or
even thousands of partial waves contribute in collisions at
thermal energies, and the reaction can be treated statis-
tically [2]. Resonances are among the clearest signatures
of the quantum mechanical character of a molecular scat-
tering event. The first observation of orbiting resonances
dates back to 1974 when the elastic scattering dynam-
ics of H with Xe was studied [3]. Low-energy scattering
was not possible then, but this particular collision sys-
tem, having a suitable interaction potential and low re-
duced mass, nevertheless enabled this important observa-
tion. Until recently, that paper remained the only report
on orbiting resonances in neutral reactions because for
other collision systems it was not possible to reach the
required temperature range. Two recent developments,
the merged beam technique and low-angle crossed beam
scattering, have finally enabled scientists to venture into
this regime and observe resonances in other reactions as
well [4–6].
Studies of scattering resonances to date only targeted
collisions involving atoms or diatomic molecules [5–8].
This paper reports the first observation of reactive scat-
tering resonances in Penning Ionization (PI) of a poly-
atomic molecule with metastable helium. Specifically,
the He(3S1) +NH3 PI reaction is investigated in the col-
lision energy (Ecoll) range 38 mK < Ecoll< 125 K. In
contrast to atoms and diatomic molecules polyatomic
molecules have a further reduced symmetry, and allow
for a potentially more complex stereochemistry. The en-
hanced complexity also potentially allows for a larger
number of reaction channels, and it is not immediately
clear how this affects a possible observation of resonances.
The first experiments on molecular PI were performed
as early as 1970s [9], but theoretical treatment of these
electron transfer reactions has not been nearly as detailed
as for the PI of atoms. PI at low Ecoll has recently been
studied using the merged-beam technique, where excited
helium and neon atoms were collided with argon H2[5, 7],
ammonia [4, 10], CH3F [11], and CHF3 [12] at collision
energies as low as 0.8 µeV (9 mK) where fewer than ten
partial waves contribute to the collision. Partial wave
resonances have been observed in He* + H2/HD/D2/Ar
Penning ionization reactions, and were rather well repro-
duced theoretically [7].
In the present reaction two channels are observed,
He(3S1) + NH3 → NH+3 + He + e− (1)
He(3S1) + NH3 → NH+2 + H + He + e−. (2)
The internal energy of helium in the first excited 3S1 state
is sufficient to ionize NH3 through the ground X˜ state of
the ion or through the first excited state, the NH+3 (A˜)
state, 4.8 eV above the ground state. The X˜ state is pro-
duced by removal of an electron from the lone pair and
predominantly in the non-dissociating vibrational ground
state [13]. The A˜ state, on the other hand, is formed by
the removal of an electron from one of the N-H bonds
and has a high probability to dissociate. Based on this
the authors of reference 13 suggest that the branching be-
tween the two channels is, in fact, a stereodynamic probe
of this reaction. The relative yield of the dissociative ion-
ization (Eq. 2) in the related Ne(3P2) + NH3 reaction
has been observed to be constant over the entire range of
collision energies from below 100 mK up to ≈250 K [4].
At higher energies, the branching ratio for dissociative
PI in the Ne*+NH3 reaction slightly increases [13].
Experimental setup. The experimental apparatus and
procedure is described in detail elsewhere [4]. Briefly,
electrostatic and magnetic hexapole guides are used to
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2merge a beam of He(3S1) atoms with a beam of NH3
molecules. Metastable helium atoms are produced in
a commercial dielectric barrier discharge [14], mounted
directly behind an Even-Lavie pulsed valve [15], oper-
ated with a backing pressure of 4 bars. Presumably
two metastable helium states are produced, He(1S0) and
He(3S1), but only the paramagnetic He(3S1) species is
guided, resulting in a very pure beam of atoms. The
speed of He(3S1) (denoted He* in the following) beam
is controlled by cooling the valve in the range 140 K–
200 K, resulting in continuously tuneable beam speeds
in the range 1110 m/s – 1420 m/s. Ammonia is pre-
pared in a pulsed valve (general valve Series 9) with a
backing pressure of 1.5 bar. The speed of the ammo-
nia beam is controlled by using pure NH3 or seeding
it in Ne or Ar, resulting in beam velocities of approxi-
mately 1050 m/s, 820 m/s, or 620 m/s, respectively. In
the electrostatic guide only low-field seeking (lfs) states
are confined. Of the two states of the ammonia inver-
sion doublet only the upper component is lfs while the
lower component is high-field seeking and thus removed
entirely from the beam. The He* and NH3 beams are
overlapped in space and time in the extraction region of
a time-of-flight mass spectrometer (TOF-MS). NH+3 and
NH+2 reaction products are detected by applying a 900
ns, -300 V pulse to the extraction plate of the TOF-MS
when the desired velocities from the two expansions are
inside. Product ions formed outside the TOF-MS are de-
flected and not detected. The raw number of collected
ions is normalized by the reactant densities that are mea-
sured separately. The He* beam intensity is monitored
by a multichannel plate detector mounted in the beam
path, and the density of NH3(J,K =1,1) is monitored by
[2+1] resonance enhanced multiphoton ionization via the
B(v′=5)← X(v′′=0) transition. The overall range in rel-
ative velocities covered at each data point, ∆v, is ≈30
m/s [4], limited by the pulse duration of about 60 µs
of the general valve used for the supersonic expansion
of NH3. The conversion of relative velocity to collision
energy means that ∆Ecoll is the smallest at the lowest
energy and determines the minimum accessible collision
energy. At the highest collision energies covered here
∆Ecoll amounts to several meV.
Measurement procedure. The energy dependent cross
section σ(Ecoll) for the He* + NH3 Penning ionization
reaction is obtained by converting the number of acquired
ions according to
σvrel[NH3][He
∗] =
∆NH+3
∆t
= k(Ecoll)[NH3][He
∗], (3)
(and equivalently for NH+2 ), where k(Ecoll) is the mea-
sured reaction rate coefficient, and vrel is the relative ve-
locity. Because the He* and NH3 beams co-propagate in
a merged-beam experiment, the relative velocity is sim-
ply vrel = v(He*) - v(NH3). At the lowest collision energy
the average relative velocity is zero, and the distribution
of relative velocities is determined by the finite tempo-
ral width of the two gas pulses, yielding for the present
experiment vrel ≈ 15 m/s [4].
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FIG. 1. Raw TOF mass spectrum of the He* + NH3 re-
action. The solid red line shows the signal from temporally
overlapped He* and NH3 beams. The dashed black trace
is the background signal arising from the H2O PI by He*,
recorded when the NH3 beam is delayed by 3 ms with respect
to the He* beam. The inset shows the reactive He* + NH3
signal after background subtraction.
A typical mass spectrum is shown in Fig. 1. The main
panel shows the ions collected under conditions where the
two gas pulses overlap in time (solid red trace) and where
the ammonia pulse is delayed by 3 ms relative to the He*
pulse (black dashed line), respectively. The dashed line
shows two peaks, at masses 18 and 17, that correspond
to (dissociative) Penning ionisation of background water.
The solid red trace also contains these ions but in addi-
tion, the desired products from the reaction with NH3
are present, namely NH+2 at 16 amu and NH
+
3 at mass
17. The difference between these two traces, plotted in
the inset, shows the background-corrected reactive signal
of NH+2 and NH
+
3 product ions only. A complete excita-
tion function is obtained by recording mass spectra like
the one in Fig. 1 for different beam velocities and inte-
grating the ion signals for the respective masses. Such
a measurement is performed five times at each collision
energy, and the error bars in the data below (Figures 2a
and 3) are one standard deviation in the statistical fluc-
tuations for these experiments. Note that cross sections
are given in arbitrary units because the determination of
absolute reactant densities and beam overlap were not
possible in this study.
Results. The measured reaction cross section for the
two He* + NH3 reactive channels is shown in Fig. 2a.
The branching ratio, defined as Γ = [NH
+
2 ]
[NH+2 ]+[NH
+
3 ]
, is dis-
played in Fig. 2b. The cross section of the He* +
NH3 Penning ionization reaction is approximately pro-
portional to Ecoll−1/3 at the low energies measured here,
as is indicated by the dashed black line in Fig. 2a. A
qualitatively similar behavior has been observed in the
Ne* + NH3 and Ne* + ND3 reactions [4], and this is in-
deed expected when the interaction potential is assumed
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FIG. 2. Panel a: Experimental cross sections for the pro-
duction of NH+3 (upper, red symbols) and NH
+
2 (lower, black
symbols). The dashed line gives the slope characteristic for a
reaction dominated by long-range van der Waals interaction.
Panel b: Branching ratio for the production of NH+2 , as de-
fined in the text. The horizontal dashed line at Γ = 0.275
serves to guide the eye.
to follow a V(r)∝ r−6 dependence, and the reaction hap-
pens at short distance compared with the characteristic
van der Waals length [2]. In this case, at low energies
the cross section has the observed collision energy de-
pendence σ(Ecoll) ≈ Ecoll−1/3 [9]. When Ecoll becomes
comparable with the potential well depth, short range re-
pulsive terms become important and the behavior of the
rate constant should change.
Two maxima are observed in the reaction cross sec-
tions, at Ecoll=1.8 meV and 7.3 meV, that are due to tun-
nelling resonances through the centrifugal barrier with
the formation of a transiently bound scattering state. To
understand the origin of these resonances theoretical cal-
culations based on quantum defect theory (QDT) were
performed.
The theoretical prediction of shape resonances based
on ab initio dynamics is hindered by the difficulty in ob-
taining a full-dimensional potential energy surface (PES)
for PI reaction of polyatomic systems (see, e.g. Ref. 16
and references therein). Nevertheless, modelling the ex-
perimental results is possible with the simplified ap-
proach applied to the description of the Ne*+NH3 PI, i.e.
QDT [4, 17]. The necessary input for the QDT method
is the knowledge of the long-range interaction. For the
He*-NH3 system the leading coefficients for dispersion
C006,disp = 265.45 a.u. and induction C
00
6,ind = 105.44 a.u.
were obtained using symmetry-adapted perturbation the-
ory (SAPT) [18] and suitable asymptotic expressions of
the multipole expansion, respectively [19].
Finally, in order to estimate the well depth of the He*-
NH3 complex the full ab initio potential energy curve
for the collinear geometry of He*-NH3 was studied (see
Ref. [4] for geometry description). The supermolecu-
lar coupled cluster singles and doubles (CCSD) calcu-
lations determined the global minimum to correspond to
the He*-lone pair N arrangement, with a bond length of
roughly 4.4 bohr and a well depth of 4114 cm−1. A local
minimum of 60.05 cm−1 was found at roughly 9 bohr,
corresponding to the He*-H3N arrangement. Those re-
sults are consistent with the findings of Ref. 20 for the
alkali atoms-NH3 complexes. Inversion doubling was ne-
glected in the current calculations. It must be kept in
mind, though, that weak coupling between the two po-
tential curves involving the (J,K)=(1,1) rotational level
of NH3 might affect the reactivity at certain collision en-
ergies.
In QDT it is then noted that the reaction process
takes place at distances much shorter than the ones
characteristic for the long-range interaction, given by
R6 =
(
2µC6/~2
)1/4 ≈ 46 bohr. In practice this allows
to parametrize the wave function at short distances, ei-
ther analytically for a pure van der Waals potential, or
numerically for a more realistic one, and solve the re-
sulting scattering problem. The key parameters of the
model are the short-range reaction probability (Psr) and
the short-range phase of the wave function (for a detailed
description see Refs. 4 and 17).
In the present case, the finite depth of the attractive
potential needs to be taken into account. A Lennard-
Jones potential V = −C6r6 + C12r12 is used for QDT cal-
culations, with the C6 coefficient taken from SAPT and
C12 adjusted to give the correct well depth. The po-
sitions and widths of the resonances can be varied in
this simple model by manipulating Psr and the scatter-
ing length. However, results obtained this way cannot
reproduce the behavior of the data for the lowest colli-
sion energies, where the rate constant should approach a
constant value, following the Wigner threshold laws [21].
A small potential barrier of ≈ 0.3 cm−1 which slightly
suppresses the reaction at the lowest partial waves has to
be added to obtain satisfactory agreement (see Figure 3).
Such barriers in general come from avoided crossings or
anisotropic term couplings of the partial waves at short
range. A reason for such crossing could be the existence
of the inversion doubling which has been neglected in
the current study [22]. It is possible to model this phe-
nomenon by adding an additional channel to the QDT
model, weakly coupled to the entrance. The QDT simu-
lations indeed reproduce a suppressed or enhanced reac-
tion rate, depending on the coupling strength and phase
shift in this additional channel, but for a detailed and
accurate description of the current problem the model
needs further extension.
Figure 3 shows a comparison between the calculated re-
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FIG. 3. Comparison of experimental (symbols) and theo-
retical reaction rate coefficients. The dashed line shows the
raw theoretical data, the solid line after convolution with the
experimental resolution.
action rate coefficients (lines) and the scaled experimen-
tal data (symbols). The dashed blue line gives the raw re-
sults from QDT calculation with the potential described
in the previous paragraphs. The solid line gives the re-
sults convoluted with the experimental resolution. The
positions of the observed resonances are well reproduced.
The main contributions to the resonances come from the
` = 15, 16 (at 1.8 meV) and ` = 20, 21 (at 7.3 meV) par-
tial waves, respectively. A third resonance, for ` = 9 at
≈ 0.5 meV, is predicted theoretically, and might also be
present in the experimental data. The good agreement
between experiment and theory indicates that He* +
NH3 reaction is indeed dominated by van der Waals inter-
actions. Fitting the short-range reaction probability to
reproduce the observed features allows then to bring the
experimental results to absolute scale. For the present
reaction, Psr ≈ 0.035 was found. This value is very dif-
ferent from the ones measured in collisions of heavy polar
molecules such as KRb+KRb [23], for which Psr is close
to unity [24]. The Langevin capture model predicts uni-
versal loss at short distances (Psr=1). This means that
there can not be any resonances, and the cross section
can be predicted, for heavy systems with a large density
of states, based on statistical models [25]. Deviations
from this have been observed previously [5, 22, 26, 27]
but a complete model for such phenomena still needs to
be developed.
Additional information on the dynamics of the pro-
cess is obtained by inspecting the branching ratio of the
NH+3 - and the NH
+
2 -channels, shown in figure 2b. It re-
mains almost constant from the lowest collision energies
studied here, up to Ecoll≈1 meV, above which it appears
to slightly drop. This is the energy range where the res-
onances are observed, but the branching ratio itself does
not display any clear resonance structure. Previous stud-
ies explained the observation of the two reaction channels
by a stereodynamical effect: He* approaching along the
N-lone pair axis predominantly produces NH+3 , while an
approach along one of the N-H bonds produces predomi-
nantly NH+2 [13]. The second case produces excited NH
+
3
in the A˜ state which dissociates. The dominant chan-
nel produces stable ground state NH+3 . The observed
decrease in branching ratio corresponds to a slightly in-
creased probability of NH+3 (X˜) production. This is in-
terpreted as follows: at the position of the resonance He*
and NH3 form a relatively long-lived complex. Assum-
ing the probability density in this state to be the highest
in the He*-lone pair bound configuration, the complex
would arrange in this way, irrespective of the initial an-
gle of approach. In the experiment this is observed as a
global decrease of Γ(NH+2 ), rather than local dips, which
may simply be due to insufficient resolution.
Conclusions. Penning ionization of NH3 by He(3S1)
has been studied in a merged-beam experiment by mea-
suring reaction cross sections at collision energies ranging
from 3.3 µeV to 10 meV. Two resonances were observed at
Ecoll=1.8 meV and 7.3 meV. QDT calculations, based on
the long range interaction potential, reproduced the posi-
tions of the resonances well, thus allowing to assign them
to specific angular momentum quantum numbers. At col-
lision energies ≈1 meV, the measured rate constant was
found to differ from model predictions. A small potential
barrier had to be added to the potential to obtain sat-
isfactory agreement. The branching ratio between NH+3
and NH+2 production was found constant up to a collision
energy around 1 meV, above which the relative produc-
tion of NH+2 drops slightly. This is explained by assuming
the resonance state to be localised mostly in a He*-lone
pair bound configuration. Increased reaction time then
leads to increased probability for production of ground
state NH+3 .
These results represent the first observation of shape
resonances in a reaction that involves a polyatomic
molecule, and they show that the merged beams tech-
nique is a powerful tool to study cold molecular reac-
tions, also of relatively complex polyatomic molecules.
Despite this enhanced complexity, resonances were nev-
ertheless observed. The apparent independence of the
position of these resonances from the reaction channel
appears to indicate that the long range interaction po-
tential in the entrance channel is almost isotropic, which
effectively eliminates stereodynadmical effects.
The theoretical model basing on the long-range inter-
action was able to reproduce the experimental results.
However, slight disrepancies at low energies show that a
more sophisticated treatment, which would include de-
tails of the molecular structure and potential surfaces,
would give significantly more information about the sys-
tem and allow for better understanding of the reaction
dynamics.
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